L cells lacking thymidine kinase (TK) activity (Ltk-cells) have been stably transformed to a TK-positive phenotype by infection with ultraviolet-irradiated herpes simplex virus (HSV-UV). The highest frequency of the Ltk-to Ltk+ transformation observed in these experiments was approximately 10-3, whereas no measurable transformation was observed (less than 
formation observed in these experiments was approximately 10-3, whereas no measurable transformation was observed (less than in the absence of HSV-UV infection. Cell lines of HSV-transformed Ltk+ cell lines contain 7 to 24 times as much TK activity as do the parental Ltk-cells, and they have been maintained in culture for a period exceeding 8 months. The kinetics of thermal inactivation of the TK activity derived from an Ltk+ HSV-transformed cell line and the TK activity from Ltkc cells lytically infected with infectious HSV are similar. Both of these TK activities are much more thermolabile than the TK activity present in wild-type L cells. A mutant strain of HSV which does not induce TK activity during lytic infection does not cause the Ltk-to Ltk+ transformation. These data suggest that either an HSV TK gene has been transferred to Ltk-cells or that an HSV gene product has caused the expression of a previously repressed cellular enzyme. There has been much interest recently concerning the development of methods by which external genetic information could be stably introduced into an eukariotic cell line. As a first step, we proposed to look for a carrier mechanism which would enable the desired information to enter the cell and be established in an inheritable manner. An obvious choice was a mammalian virus. Our requirements for such a suitable virus were (i) that there be some basis for belief that the virus is capable of a nonlytic relationship with cells, (ii) that the virus be a nuclear deoxyribonucleic acid (DNA) virus, and (iii) that it contain a gene(s) that could be selected for in a tissue culture system.
In view of these criteria, herpes simplex virus (HSV) was chosen. HSV is able to establish persistent infections in man such as herpes labiallis. Evidence has been obtained (18) indicating that Epstein-Barr (EB) virus, a herpesvirus, is vertically transmitted in cultured cell lines derived from Burkitt tumors and is able to transform activity has been shown to be immunologically different from the Ltk+ TK activity (12) .
The existence of a virus which is potentially a carrier of a TK gene and a cell line which is deficient in this activity present the opportunity to test the possibility that HSV-infected Ltkl cells are able to acquire permanently the virus TK activity.
Since HSV has a strong cytopathic effect in Ltk-cells, ultraviolet-irradiated HSV (HSV-UV) were used for infection. UV irradiation of transducing particles prior to infection increases the frequency of stable transduction in bacterial systems (7) . It has been shown that vaccinia that had been inactivated by UV irradiation is able to initiate TK synthesis in Ltk-cells, indicating that a UV-inactivated virus may still contain a functional TK gene and that the gene can be expressed by a UV-killed virus (17) .
Littlefield (13) has shown that TK-containing cells (Ltk+ cells) can be selected from an Ltkpopulation by including aminopterin, thymidine, hypoxanthene, and glycine in the tissue culture medium (HAT medium). By using a similar system, we have infected Ltk-cells with HSV-UV and then selected for cells which have acquired TK activity (Ltk+ cells).
MATERIALS AND METHODS
Virus. HSV type 1 was obtained from David Yohn in 1966. Except where noted otherwise in this paper, stock virus was prepared in primary rabbit kidney (PRK) monolayers as follows. Cell layers that had been infected 20 to 24 hr previously were frozen and thawed twice in growth medium. This lysate was centrifuged at 500 X g for 10 min, cultured for sterility, and stored at -70 C. Virus stocks prepared in this way had 105 to 107 plaque-forming units (PFU)/ ml and 109 to 5 X 1010 particles/ml. HSV (B2006), a strain of HSV, was obtained from Saul Kit and Del Dubbs and has been described by them (5) . This is a mutant HSV that does not induce TK activity in Ltk-cells during a lytic infection.
The cell line on which a particular virus stock had been grown and the number of consecutive passages in that cell line are indicated by an abbreviation for the cell line followed by the passage number. For example, HSV-PRK p = 7 refers to herpes simplex virus that has been serially passaged in PRK cells seven times.
Virus preparations were not sonically treated before or after UV irradiation because sonic treatment did not increase the titer of infectious virus preparations.
UV irradiation of virus. A GE Germicidal Lamp G8T5 was used to irradiate suspensions of stock virus. Viral suspensions in growth medium were irradiated at a distance of 13 inches (33.3 cm) from the lamp. Irradiation at this distance produced a UV intensity of 23 ergs per mm2 per sec. Samples (2 ml) of stock virus suspensions were irradiated in 6-cm plastic petri dishes. During irradiation the petri dishes were rotated at 100 rev/min on a rotary platform shaker and were exposed to atmospheric oxygen at room temperature.
Media. Growth medium contained Eagle's medium supplemented with the nonessential amino acids and 5% calf serum (6) . TK plus selective medium was growth medium with the following additions: methotrexate (6.0 X 10-7 M), thymidine (1.6 X 10-5 M), adenosine and guanosine (each at 5 X 10-5 M), and glycine (10-4 M).
Cell lines. Ltk-cells were obtained from Kit et al. (10) . These cells were cloned once and were serially cultivated in growth medium containing 20 ,ug of BUDR per ml. The phenotypic characterization of this cell line is that (i) it is resistant to growth inhibition by BUDR at 20 ,g/ml, (ii) it incorporates very little tritiated thymidine into its DNA, and (iii) high speed (100,000 X g X 1 hr) supernatant fluid extracts of Ltk-cells contain very low levels of TK activity.
A9 cells were obtained from Littlefield (13) . This cell line was used as the L cell type that contained TK activity (Ltk+ cells). These cells were grown in growth medium without 8-azaguanine, except in the experiments involving phosphoribosyl transferase activity.
KB cells were obtained from the cell service unit at Roswell Park Memorial Institute. They were grown in monolayer cultures in growth medium.
Cell lines derived from Ltk-cells infected with HSV-UV and grown in TK plus selective medium are referred to in this paper as Ltk+-transformed cells. Specific Ltk+-transformed cell lines will be identified as Ltk+ HSV-. The number following the hyphen after HSV identifies the particular clone.
PRK cells were obtained from 10-day-old rabbits, and tissue cultures were prepared from them as described by Merchant et al. (19) .
Human embryonic lung cells were obtained from Jun Minowada at Roswell Park Memorial Institute. This cell line was grown in Eagle's medium containing 10% fetal calf serum.
Virus plaque titrations. Plaque titrations were performed as described by Roizman and Roane (22) , except that monolayers of PRK cells were used.
Virus particle counts. Virus particle counts were performed as described by electron microscopy (23) Infection of Ltk-cells with UV-irradiated vaccinia did not result in the formation of Ltkcolonies.
Cells containing phosphoribosyl transferase (PRT) activity can be selected for in a tissue culture system by using HAT medium as described by Littlefield (13) . A9 cells are deficient in PRT activity. Infection with HSV-UV did not enable A9 cells to form colonies in HAT medium.
Factors affecting the frequency of Ltk-to Ltk+ transformation. The following factors have been found to alter the frequency of the HSV-irradiated Ltk-to Ltk+ transformation: UV dose, virus dose, time of incubation in growth medium after infection, and cell density.
The frequency of colony formation versus the dose of UV received by HSV is shown in Fig. 1 . Optimal colony formation was observed when HSV was irradiated for 9 to 12 min. Note that virus that had been irradiated until no infectivity could be detected was still effective in causing the Ltk-to Ltk+ transformation. The number of colonies formed varied linearly with relative virus dose in the experiment shown in Fig. 2 . In several experiments, however, this relation was not linear, comparing undiluted virus versus the lowest virus dilution. This effect is observed in Fig. 3 . Dilution of the undiluted virus (plotted as a relative dose of 25) by a factor of 5 did not reduce the number of colonies produced by a factor of 5 for this nonlinearity, since the multiplicity used in the experiment shown in Fig. 3 is lower than in Fig. 2 (Fig. 4) .
Treatment of HSV-UV with HSV immune rabbit serum prevented colony formation ( Table 2) . Heating of HSV-UV at 50 C inactivated the transforming activity of the virus (Table 3 ). Incubation of HSV-UV with deoxyribonuclease had no significant effect (Table 3) .
To demonstrate the formation of Ltk+ HSV transformation, it was necessary to use high multiplicities of virus particles per cell. Other experiments indicated that the efficiency of HSV particle uptake by Ltk-cells is very low, so that the number of virus particles adsorbed is much lower than the number of virus particles added. For example, after being exposed to a monolayer of Ltk cells for 1 hr, HSV-UV inocula were removed and used to infect a second set of Ltkmonolayers. Ltk+ HSV-transformed colonies (70 to 90%) formed on the second set. The proportion of HSV-UV particles adsorbed by Ltk-monolayers under the same conditions used in the transformation experiments was determined by counting virus particles in solution before and after being exposed to Ltk-cells. In one experiment, no decrease in particle count was observed. Table 4 ). (Table 6 ). This suggests that the infecting HSV must contain a functional TK gene to be able to cause the production of Ltk+ cells.
HSV strains, which had been grown on Ltkcells and then inactivated with UV, were able to cause the production of Ltk+-transformed cells (Table 6 ). This suggests that the production of Ltk+-transformed cells by HSV-UV is not due to the encapsidization of a fragment of the host cell DNA in the HSV virion. HSV which had been passed a greater number of times on Ltk-cells was not used because this strain of HSV replicates poorly on Ltk-cells.
Studies on the kinetics of thermal inactivation of TK activity were carried out with cell extracts derived from (i) Ltk+ cells (A9 cells), (ii) Ltkcells lytically infected with HSV, and (iii) Ltk+ HSV-transformed cells (Fig. 5) . The TK activity of the Ltk+ HSV-transformed cells was similar h Growth medium containing methotrexate (6.0 X 10-M), adenosine and guanosine (each at 5.0 X 105 M), and glycine (10-4 M).
c Standard deviation. 
